Abstract-The fall of the Berduc meteorite took place on April 7, 2008, at 01 h 02 min 28 s ± 1 s UTC. A daylight fireball was witnessed by hundreds of people from Argentina and Uruguay, and also recorded by an infrasound array in Paraguay. From the available data, the fireball trajectory and radiant have been reconstructed with moderate accuracy. The modeled trajectory was tested to fit the infrasound and strewn field data. From the computed apparent radiant a = 87 ± 2°and d = )11 ± 2°and taking into account a range of plausible initial velocities, we obtained a range of orbital solutions. All of them suggest that the progenitor meteoroid originated from the main asteroid belt and followed an orbit of low inclination. Based on petrography, mineral chemistry, magnetic susceptibility, and bulk chemistry, the Berduc meteorite is classified as an L6 ordinary chondrite.
INTRODUCTION
A bolide much brighter than the full Moon was widely seen over Argentina and Uruguay on April 7, 2008 at 01 h 02 min 28 s ± 1 s UTC. The event was magnificent; its absolute magnitude was indirectly inferred from daylight sensors placed in a nearby location to the main flare. An eyewitness from Ruteri Ruta (Argentina, Long. 58.123°W, Lat. 31.445°S) reported that due to the light emitted during the fireball's flare, the street lights were turned off automatically. Some estimations of the sensitivity of this automatic system suggest that the absolute magnitude of the main flare was probably in the )16 ± 3 range. The fireball's entrance also produced low frequency sound waves that were recorded by an infrasound array (station I41PY). Eyewitnesses, interviewed by Gonzalo Tancredi and Leda Sa´nchez (Departamento de Astronomı´a Facultad de Ciencias, Montevideo, Uruguay; DAFC), reported that the fireball traveled from the west to the east and experienced several fragmentations along its trajectory causing audible detonations that shattered windows in the area of the fall. Several stones were found by members of the Asociacio´n Entrerriana de Astronomı´a (AEA) a few days after the fall in the countryside around Colonia Berduc. The largest piece in a public institution is a 154 g sample located in Museo de Ciencias Naturales y Antropolo´gicas ''Prof. Antonio Serrano'' (MNCNA-AS) that acts as the hosting institution. The museum La Estacio´n de Ubajay (MLEDU-Argentina) has a 95 g piece, and Complejo Astrono´mico El Leoncito (CASLEO-Argentina) has a piece of 21 g. The rest of the mass remaining in Argentina is in private collections.
AEA members contacted the Spanish Meteor and Fireball Network (SPMN) after the fall to receive instructions on how to instigate a search for meteorites. AEA members found the first meteorites on April 8, and alerted the public media. These first pieces were found at coordinates longitude 58°19¢45¢¢W and latitude 31°54¢39¢¢S. A couple of these pristine samples, quickly recovered from the ground, were analyzed by our team. Several meteorite dealers alerted by the news also contributed to the recovery of additional pieces, but the samples were sold around the world. Most of the pieces remaining in Argentina were collected in the first few days after the fall and were unaffected by the weather. Tancredi and his group (DAFC) visited the zone 2 weeks after the fall and made a wide survey of the area. No additional meteorites were found close to the original finds. In total, about 10 meteorite samples were found to our knowledge, the total recovered mass being about 737 g (Connolly 2009). Ó scar A. Turone informed us that a 5.5 kg piece at the front of the strewn field was recovered by local residents near Quebracho (Uruguay), but its exact fall location remains unclear as we discuss below. Unfortunately, this extraordinary sample was quickly sold to dealers, but was first photographed by Turone (see e.g., Fig. 1) . A field search performed in the area by Turone concluded with the recovery of a 6 g complete stone that, after being thin-sectioned for careful study, proved to be a member of the Berduc fall. The first thin sections were made in Barcelona, Spain, in June 2008.
Most of the specimens found were quickly identified as meteorites because they exhibited a prominent fusion crust covering part of their surface, and were attracted by a magnet (Fig. 1) . The interior of those pieces that broke during impact appears granular and dominated by large chondrules. Most of the large pieces were broken, but the small ones exhibit a complete fusion crust.
TRAJECTORY, RADIANT, AND RANGE OF ORBITS
DAFC members interviewed over 30 eyewitnesses in Uruguay and Argentina, obtaining a reasonable number of theodolite measurements (see Table 1 ). After a careful study of the data, consistent reports were obtained from six locations. A compromise among the different stations was obtained and tested by using the available infrasound and strewn field data. The data treatment was similar to that of recent studies of other bolides (Docobo et al. 2008; Trigo-Rodrı´guez et al. 2009 ). This time new software was written that specifically allowed us to define the observing locations that yielded consistent trajectories with the infrasound data. From the theodolite measurements obtained from the consistent locations, we determined an average trajectory employing the method of intersecting planes (Ceplecha 1987) .
The position of the different locations was geometrically favorable for determining the fireball trajectory with moderate accuracy. Nine observers from six locations (Table 1) provided the most consistent data on the apparent path and duration of the bolide. The position of the meteorite strewn field was also used, but the drift caused by winds during the meteorite's dark flight was not taken into account. Upper air winds at the time were generally light and westerly below 20 km altitude in the area of the fall, according to UKMO meteorological data (Swinbank and O'Neill 1994; see Fig. 2) , and significant rotation of the strewn field due to wind drift is not predicted from darkflight calculations (Ceplecha 1987) . The fireball's trajectory projected on the ground is shown in Fig. 3 . The coordinates of the bolide's beginning and ending points are given in Table 2 . According to the finders, the 5.5 kg meteorite shown in Fig. 1 was found near Quebracho (Uruguay) about 25 km east from Colonia Berduc (see Fig. 3 ). We note that such a location is aligned with the computed trajectory, and we thought initially would fit with a fragmentation at a height of 20 km or higher. Despite this, when we ran the darkflight for a 5.5 kg test particle released from the fireball end at an usual velocity of about 4 km s )1 , we noticed that it does not cross the Argentina ⁄ Uruguay border. The computed landing point would be to the east of the town of Ubajay, but not having the exact fall coordinates for the 5.5 kg piece we remain skeptical on its exact country of recovery. It is important to remark that there is no regulation in Uruguay regarding the ownership and commerce of meteorites, as opposed to that in Argentina where the commerce is forbidden by law. It could be of concern in bordering cases like this. Several DAFC expeditions to the Quebracho area a couple of months after the fall were unable to find additional pieces or reports from local residents. From the computed trajectory, we were able to obtain the apparent radiant of the bolide (Table 3 ). The duration of the bolide was reported by 18 eyewitnesses, being in the range of 3-6 s. From the trajectory length measured from some of the stations, we were unable to deduce a precise velocity, but we fixed an upper limit of 16 km s )1 . In this regard, Camino Rusi, Chapicuy, Dayman, and San Salvador reports were particularly relevant (Table 1) . Eyewitnesses from Camino Rusi and San Salvador probably observed the full bolide, reporting a duration of 5 or 6 s. Observers from Chapicuy and Dayman observed the terminal part of the bolide path, and consequently reported a duration of about 2-3 s. In fact, an initial velocity higher than this is unlikely on dynamic grounds as we discuss below. Consequently, assuming a reasonable range of pre-atmospheric velocities (12-16 km s )1 ), the possible orbital elements for the progenitor meteoroid were computed (Table 4) . Almost all the orbital solutions suggest a low-inclination, medium-eccentricity orbit with an origin in the main asteroid belt; this is similar to the nine previously reported meteorite falls where accurate determinations of the orbital elements were made (e.g., Trigo-Rodrı´guez et al. 2006) .
INFRASOUND DATA
Infrasound data were obtained from IMS station I41PY at a great circle range of 614 km from the computed fireball end point (Fig. 4) , and measurements are compiled in Table 5 . Unfortunately, only two of the four microbarograph sensors were operational at the station on this date, so the signal association based on back-azimuths alone cannot be absolutely made (the solutions are degenerate). If, however, an apparent horizontal velocity of 350 m s )1 is assumed for the The azimuth is measured from the north toward the east.
signal propagating across the array (typical of a grazing incidence for stratospheric arrivals), the observed time delay between the two operational sensors is well matched with back azimuths between 185.3°and 188.3°( measured eastward from the north). This is consistent with an event near the Argentina-Uruguay border and with an origin near the end point of the fireball's computed trajectory (a back azimuth of 189.9°). Subsequent acoustic ray tracing from the known fireball path to I41PY reproduces only the arrival of the third pulse seen in Fig. 5 , by the arrival of a number of potential stratospheric paths originating from the lowest region of the trajectory between 18 and 30 km altitude. Again this is consistent with the time of the fireball and results in a 0.31 km s )1 mean signal speed typical of stratospheric arrivals (Edwards et al. 2006) . The remaining two earlier phases as yet remain unidentified, although these may represent faster propagating tropospheric phases based on the relative times of arrival and observations of previous fireballs (e.g., Arrowsmith et al. 2007) . Limitations in available meteorological data in this region at the time of the fireball, unfortunately, do not allow us to explore this hypothesis further.
An analysis of the recorded infrasound signals in period and amplitude (Table 5) , following the procedures of Edwards et al. (2006) , suggests that the fireball had a kinetic energy of 0.025 ± 0.014 kt of equivalent TNT, similar to that of Villalbeto de la Pen˜a . One kiloton of TNT (1 kt) is equivalent to 4.185 · 10 12 Joules. As the source region for the observed signal is interpreted to have originated near the end of the visible fireball, potentially from the Table 4 . Tentative orbital elements (J2000.0) for the probable range of radiant azimuths and several possible preatmospheric velocities of the fireball. The Hilbert amplitude is the maximum amplitude of the signal envelope computed from the Hilbert transform of the signal (for more details on these measurements, see Edwards et al. 2006 ).
significant fragmentations reported by eyewitnesses, this inferred kinetic energy can be viewed as a lower limit as it may represent the energy of the body only near the end of its atmospheric entry. From this energy evaluation, assuming a spherical body, coupled with the range of probable velocities and the meteorite's stony nature, we estimate that the Berduc meteoroid's preatmospheric size was roughly 1 m in diameter (Brown et al. 2002) .
MINERALOGY, PETROGRAPHY, AND CLASSIFICATION
A thin section UCLA 1900 of Berduc was examined microscopically in transmitted and reflected light. Grain sizes were measured microscopically in reflected light using a calibrated reticle. Modal analyses were made in reflected light at high magnification using an automated point counter. Mineral analyses were determined with the JEOL JXA-8200 electron microprobe at UCLA using natural and synthetic standards, an accelerating voltage of 15 keV, a 15 nA sample current, 20 s counting times, and ZAF corrections. Cobalt values in kamacite were corrected for the interference of the Fe-K b peak with the Co-K a peak.
The modal abundance of metallic Fe-Ni and the mean olivine, low-Ca pyroxene, and kamacite compositions of Berduc indicate that the rock is an L-group chondrite. Berduc contains 8.1 wt% metallic Fe-Ni (Table 6 ) compared to 8.3 wt% in mean L-chondrite falls (Table 5 of Jarosewich 1990). Olivine (Fa 23.7 ± 0.5; n = 23), low-Ca pyroxene (Fs 20.3 ± 0.5, Wo 1.4 ± 0.2; n = 25), and kamacite (7.1 ± 0.8 mg ⁄ g Co; n = 7) in Berduc (Table 7) are within the compositional ranges characteristic of L chondrites (Fa 23.0-25.8; Fs 18.7-22.6; 7.0-9.5 mg ⁄ g Co; Rubin 1990; Gomes and Keil 1980) . Berduc is highly recrystallized and contains poorly defined radial pyroxene (RP), porphyritic olivine (PO), porphyritic olivine-pyroxene (POP), and barred olivine (BO) chondrules that are well integrated into the matrix. Plagioclase grains typically exceed 50 lm in size, indicating that the rock is petrologic type 6. This is consistent with the relative compositional homogeneity of the olivine and low-Ca pyroxene.
Metallic Fe-Ni grains show no signs of alteration, consistent with weathering grade W0. Other phases in the rock include plagioclase (Ab 75.5 ± 1.6 Or 5.3 ± 0.7; n = 6), diopside (Fs 7.5 Wo 45; n = 2), chromite, troilite (essentially pure FeS), and rare metallic Cu (Tables 6 and 7 ). The rock has been moderately shocked, equivalent to shock stage S4 (Sto¨ffler et al. 1991) ; many of the olivine grains contain planar fractures and exhibit weak mosaic extinction. Berduc contains 30-50 lm wide melt veins filled with glass, 0.2-0.8 lm size troilite grains, and lesser amounts of metallic Fe-Ni. Wider melt veins (50-150 lm thick) in the rock contain numerous 2-30 lm size round blebs of cellular troilite-metal intergrowths. Thin metal veins (3-5 lm thick) also occur. Some of these veins are connected to relatively coarse sheared metal grains.
Many of the troilite grains are polycrystalline (Fig. 5) . Veins of troilite (100 lm long, 0.2 lm thick) traverse some of the mafic silicate grains. A few large metallic Fe-Ni grains contain irregular 2-8 lm size grains of troilite. One 7 lm size metallic-Cu grain was observed; it occurs within an opaque assemblage at the interface between troilite and metallic Fe-Ni. Chromite occurs as extensively fractured isolated grains, as 1 lm thick, 35 lm long veinlets that transect olivine grains (Fig. 6) , and in 50 lm size chromite-plagioclase assemblages (e.g., Rubin 2003) . Many of the plagioclase grains are irregular in shape and appear to have flowed and coalesced. Shock melting of the plagioclase and concomitant volatilization of Na could account for the relatively low Ab contents (75.5 mol%) in Berduc 
BULK CHEMISTRY
Abundances of 36 chemical elements were determined in two different samples of about 2.2 g from the interior of two Berduc meteorite specimens following the procedures described in Llorca et al. (2007) . Briefly, analyses of trace elements were performed by means of inductively coupled plasmamass spectrometry (ICP-MS), whereas major and minor elements were analyzed by inductively coupled plasmaoptical emission spectroscopy (ICP-OES). Samples were ground to powder using an agate mortar and pestle and dried at 378 K. Two separate methods were used for sample preparation. The first method consisted of an acid digestion treatment of samples in a sealed Teflon reactor at 363 K (four replicates). The second method consisted of an alkaline fusion in a zirconium crucible at 723 K (two replicates). Some elements were analyzed by both methods and the results were in agreement. Thus, in addition to routine analysis control with reference materials, the accuracy of the procedures was demonstrated by the replicate analyses. Table 8 shows the elemental composition of the Berduc meteorite. Mean values and mean uncertainties are listed, and the resulting bulk composition is compared with the average composition of L6 chondrites (Kallemeyn et al. 1989; Friedrich et al. 2003) . The content of Fe (22.0%) and the values of Mg ⁄ Si = 0.88, Al ⁄ Si = 0.06, and Fe ⁄ Si = 1.18 closely match the values of L-group chondrites. For most elements, the measured abundances are within the range observed for L6 chondrites, and values within 20% of the average are found. Elemental abundances are consistent with the interpretation of Berduc being an L6 chondrite of rather normal chemistry.
MAGNETIC PROPERTIES, DENSITY, AND POROSITY
For magnetic measurements, two samples of about 2.2 g of Berduc were taken from the interior of separate pieces of the meteorite. Hysteresis loops were run on each sample and the saturation magnetization, J S , the remanent saturation magnetization, J RS , and the coercive force, H C , were determined as explained elsewhere (Llorca et al. 2007 ). Magnetic susceptibility measurements were made at a low field (0.5 mT). The hysteresis loops and the magnetic data for both Berduc specimens were very similar and indicate the magnetic homogeneity of this meteorite (as is the case for most ordinary chondrites; Gattacceca et al. 2003) . Specific magnetic susceptibility, v, gave a log v of 4.81 ± 0.05 (in 10 )9 m 3 ⁄ kg), typical of other L chondrite falls, 4. 87 ± 0.10 (Rochette et al. 2003; Consolmagno et al. 2006 ) and 4.87 ± 0.08 (Smith et al. 2006) . Similarly, the log J S and log J RS recorded values of 1.35 ± 0.05 and 8.2 ± 0.1 (in 10 )3 Am 2 ⁄ kg), respectively, are in the range of other L chondrites (Sugiura and Strangway 1987) ; the value of the coercive force of 13.5 ± 0.5 (in 10 )4 T) was also in the L-chondrite range. In summary, the Berduc meteorite has bulk magnetic properties in good agreement with other studied L6 chondrites.
Magnetic susceptibility and grain density (q g , density that excludes pores and voids) are commonly correlated for meteorite falls because both are intensive variables that vary with iron content (Britt and Consolmagno 2003; Consolmagno et al. 2006 ). The Friedrich et al. (2003) and Kallemeyn et al. (1989) .
grain density of the Berduc meteorite determined with a helium pycnometer was 3.62 ± 0.05 g ⁄ cm 3 . The values of magnetic susceptibility and grain density of Berduc plot well within the L-chondrite group in a v versus q g graph for meteorite falls (Consolmagno et al. 2006) . From the grain density and the bulk density value of 3.54 ± 0.05 g ⁄ cm 3 , the porosity of Berduc is calculated to be 2.2%.
COSMOGENIC RADIONUCLIDES
Gamma spectroscopy performed in September 2008 with the ultralow noise germanium detector located in the road tunnel of ''La Vue-des-Alpes,'' Switzerland, 600 m water-equivalent underground, showed the presence of the following short-lived radionuclides: 48 Al. Recalculated to April 7, 2008, 22 Na was 66.8 ± 5.7 dpm ⁄ kg and 26 Al 38.8 ± 4.5 dpm ⁄ kg. The presence of short-lived isotopes and the 22 Na ⁄
26
Al activity ratio of 1.7 calculated for the time of fall are consistent with a fall in April 2008 (see Table 9 ). We were trying to find additional evidence for the pre-atmospheric size of the meteoroid, but an activity of 39 dpm ⁄ kg does not provide a lot of information about this parameter. By comparing the Berduc data with the graph on the production of 26 Al in chondrites (Leya et al. 2000) , we conclude that the studied sample comes from the near surface of the meteorite, from an approximate depth of 10 cm.
CONCLUSIONS
A meter-size meteoroid produced a bright bolide that was observed over Argentina and Uruguay on April 7, 2008 at 01 h 02 min 28 s ± 1 s UTC. The event was also recorded by an infrasound array in Paraguay. This bolide produced a meteorite fall in a remote area called Colonia Berduc, near the Uruguay border. A few days after the fall, several members of Asociacio´n Entrerriana de Astronomı´a recovered the first meteorites that were studied by our team. The Berduc meteorite is characterized as an L6 ordinary chondrite. Olivine, low-Ca pyroxene, and kamacite values are within the compositional ranges characteristic of L chondrites. Bulk chemistry also reveals a close match to this chondrite group. After interviewing about 30 casual eyewitnesses, consistent reports were obtained from six locations. These data, together with the strewn field and infrasound constraints, allowed the determination with moderate accuracy of the atmospheric trajectory, radiant, and range of orbital elements of the progenitor meteoroid. Some assumptions on the bolide pre-atmospheric velocity suggest an origin in the main asteroid belt as in the case of the nine previous meteorites with known orbital elements (Trigo-Rodrı´guez et al. 2006) .
Note added in proof. At the time of publication of this paper the 10th meteorite with accurate orbit has been obtained. See Bland et al. (2009) for additional details. Table 9 . Measured activities of short-lived radionuclides in Berduc.
